All relevant data are within the paper.

Introduction {#sec001}
============

Comparative dental histology is an emerging area of study in dinosaur palaeontology \[[@pone.0205206.ref001]--[@pone.0205206.ref018]\] and the breadth and depth of this research is increasing. Several studies have focused on the hard tissues -enamel and dentine---and their phylogenetic and functional significance \[[@pone.0205206.ref004],[@pone.0205206.ref019]--[@pone.0205206.ref022]\], but the field has steadily broadened to include more holistic descriptions and comparisons of teeth, their constituent tissues, and their interactions with the jaws. The result has been a broader picture of how teeth and jaws have evolved in association with dietary shifts and what developmental processes could have given rise to novel dentitions \[[@pone.0205206.ref002],[@pone.0205206.ref005],[@pone.0205206.ref007]--[@pone.0205206.ref009],[@pone.0205206.ref013],[@pone.0205206.ref014],[@pone.0205206.ref017],[@pone.0205206.ref023]--[@pone.0205206.ref026]\]. Some of the most dramatic and most studied evolutionary innovations are found in derived ornithischian dinosaurs.

Ornithischian dinosaurs display an amazing diversity of tooth shapes, sizes, and arrangements to cope with their herbivorous diets \[[@pone.0205206.ref002],[@pone.0205206.ref009],[@pone.0205206.ref010],[@pone.0205206.ref013],[@pone.0205206.ref027]--[@pone.0205206.ref031]\]. The teeth of most early ornithischian dinosaurs were relatively simple triangular or leaf-shaped teeth for shearing plant material \[[@pone.0205206.ref032]\], but hadrosaurid and ceratopsid dinosaurs displayed extensive modifications to their dentitions, forming complex dental batteries for more efficient oral processing. The evolution of these complex structures, particularly the dental batteries of hadrosaurids, has been studied extensively and figures prominently in many histological analyses of dinosaur teeth \[[@pone.0205206.ref001]--[@pone.0205206.ref004],[@pone.0205206.ref006],[@pone.0205206.ref009],[@pone.0205206.ref016],[@pone.0205206.ref022],[@pone.0205206.ref033]\]. The appeal of understanding how such complex structures originated and functioned is obvious, however without a broader comparative framework, it is difficult to characterize the evolutionary history of dental complexity in derived dinosaurian clades \[[@pone.0205206.ref005]\]. Whereas several studies have revealed important insights into dental anatomy and replacement in phylogenetically earlier ornithischians \[[@pone.0205206.ref034]--[@pone.0205206.ref038]\] our understanding of dental histology and development in many of these ornithischian clades remains poor compared to the wealth of research efforts focused on more specialized, dental battery-bearing taxa.

Here we describe tooth histology and development in several jaws of the Cretaceous (Aptian--Cenomanian) ornithischian dinosaur, *Changchunsaurus parvus* \[[@pone.0205206.ref039]\] from the Quantou Formation of Jilin Province, China. This taxon has been pivotal to our understanding of ornithischian evolution, because of its potential placement as an early ornithopod \[[@pone.0205206.ref040]\], or as an earlier member of Ornithischia \[[@pone.0205206.ref041]\]. The contentious placement of this taxon makes it ideally suited to understand (1) how a more "typical" ornithischian dentition develops, copes with tooth wear, and is maintained through ontogeny (via tooth replacement); and (2) if phylogenetically earlier ornithischians show dental adaptations that are similar to those present in the complex dental batteries of hadrosaurids, in particular. Moreover, given the growing comparative histological dataset of dinosaur dentitions, we can compare these aspects of tooth development and histology in *C*. *parvus* to those of other herbivorous and carnivorous dinosaurs in order to identify unique aspects of the dentition in this ornithischian dinosaur.

Materials and methods {#sec002}
=====================

We examined five partial dentaries from different individuals of *Changchunsaurus parvus*, from Jilin University Museum collections (JLUM; [Table 1](#pone.0205206.t001){ref-type="table"}), and carried out the histological section experiments at the ROM vertebrate palaeohistology laboratory.
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###### Specimens of *Changchunsaurus parvus* sectioned in this study.

![](pone.0205206.t001){#pone.0205206.t001g}

  Specimen   Section                         Specimen nature and catalogue number   ROM Thin Section number
  ---------- ------------------------------- -------------------------------------- -------------------------
  1          1                               Maxilla fragment Ya-C160711e1          TS01030
  2          Maxilla fragment Ya-C160711e1   TS01031                                
  2          3                               Dentary fragment Ya-C160711e2          TS01032
  4          Dentary fragment Ya-C160711e2   TS01033                                
  3          5                               Dentary fragment Ya-C160711e3          TS01034
  6          Dentary fragment Ya-C160711e3   TS01035                                
  4          7                               Dentary-left Ya-C160711a               TS01042
  8          Dentary-left Ya-C160711a        TS01043                                
  5          9                               Dentary-right Ya-C160711b              TS01044
  10         Dentary-right Ya-C160711b       TS01045                                
  6          11                              Dentary-right Ya-C160711c              TS01046
  12         Dentary-right Ya-C160711c       TS01047                                
  13         Dentary-right Ya-C160711c       TS01054                                
  7          14                              Dentary-left Ya-C160711d               TS01048
  15         Dentary-left Ya-C160711d        TS01049                                

The histological thin sections of several partial *C*. *parvus* dentaries ([Table 1](#pone.0205206.t001){ref-type="table"}) were prepared by first embedding specimens in Castolite AP polyester resin and placing them under vacuum. Embedded materials were then cut using a Buehler Isomet 1000 wafer blade saw set to 200--300 rpm to ensure a smooth cut. The cut surfaces were then polished using 600-grit and 1000-grit silicon carbide powder. Specimens were later mounted to frosted plexiglass slides using cyanoacrylate and a small waver was cut again using the Isomet saw. The mounted waver was then ground down using a Hillquist grinding machine and further polished using progressively finer grits of silicon carbide and aluminium oxide powders. The thin sections were imaged using a Nikon DS-Fi camera mounted to a Nikon AZ-100 microscope with NIS Elements BR imaging software registered to D. C. Evans or R. R. Reisz, and Leica DVM6 Transmitting Scope and Tilting Scope, and SEM registered to R. R. Reisz.

Some histological slides were acid-etched and imaged using a JEOL NeoScope JCM-5000 Scanning Electron Microscope (SEM) to examine the enamel microstructure. These specimens were not coated or treated prior to being placed in the SEM. The terms used in describing reptilian enamel microstructure are thoroughly explained in Sander \[[@pone.0205206.ref022]\]. Terms specific to dinosaur enamel microstructure are detailed in Hwang \[[@pone.0205206.ref004]\].

Results {#sec003}
=======

Tooth development and replacement cycle {#sec004}
---------------------------------------

Thin sections through the dentaries of *Chengchunsaurus parvus* revealed teeth at nearly every major stage of tooth development and thus strong evidence for continuous tooth replacement (Figs [1](#pone.0205206.g001){ref-type="fig"}--[3](#pone.0205206.g003){ref-type="fig"}). One transverse section across all dentary tooth positions (totaling 15 tooth positions) showed nine tooth positions with either a replacement tooth in the process of resorbing the root of a preceding functional tooth, or the development of a resorption pit adjacent to a functional tooth ([Fig 2A](#pone.0205206.g002){ref-type="fig"}). At the earliest stage of the tooth replacement cycle, a new tooth develops lingual to its predecessor at the level of a large foramen that opens onto the lingual surface of the dentary (also termed "special foramina" sensu \[[@pone.0205206.ref038]\], or "replacement foramina" sensu \[[@pone.0205206.ref042]\]) ([Fig 3](#pone.0205206.g003){ref-type="fig"}), supporting the hypothesis that these foramina are the entry points of a lingually positioned dental lamina into the dentary \[[@pone.0205206.ref038],[@pone.0205206.ref042]\]. We prefer the term "replacement foramina" for these features, because of the implied association with the dental lamina. The earliest replacement teeth are adjacent to the replacement foramina and consist of enamel-capped cones of orthodentine ([Fig 3A--3C](#pone.0205206.g003){ref-type="fig"}). The crowns of the replacement teeth are labiolingually narrow, but mesiodistally very wide in cross-section (Figs [2C](#pone.0205206.g002){ref-type="fig"}, [3B and 3C](#pone.0205206.g003){ref-type="fig"}). Root resorption begins early in the tooth replacement cycle, because the earliest stages of replacement tooth development are already associated with shallow resorption pits along the roots of the functional teeth (Figs [2C](#pone.0205206.g002){ref-type="fig"} and [3C](#pone.0205206.g003){ref-type="fig"}).

![The skull and thin sections of the jaws of *Changchunsaurus parvus*.\
**A.** Image of the skull of the holotype specimen of *C*. *parvus* (JLUM L0304-j-Zn2). **B.** Image of one of the partial dentaries sampled in this study, with the plane of section highlighted (JLUM Ya-C160711d). **C.** Whole-view image of one thin section (TSO1049) through the dentary showing a functional and nearly erupted replacement tooth. **D.** Close-up, cross-polarized image of the tooth crowns of the functional and replacement teeth in C. **E.** Close-up, cross-polarized image of the wavy enamel along the labial surface of the replacement tooth crown. **F.** Close-up, cross-polarized image of the wavy enamel along the lingual margin of the replacement tooth crown.](pone.0205206.g001){#pone.0205206.g001}

![Tooth histology and a reconstruction of the replacement cycle in a transverse section of the dentary teeth in *Changchunsaurus parvus*.\
(JLUM-Ya-C160711C). **A.** Whole-view of a transverse section (TS01054) across the dentary tooth series. Anterior is to the right, and lingual towards the bottom of the image. **B.** Close-up image of a tooth position showing the early stages of replacement. The hard tissues of the replacement tooth are not visible and only a small replacement crypt is present lingual to the functional tooth. **C.** A tooth position showing the development of the large, labiolingually compressed tooth crown lingual to the functional tooth. Some root resorption has already occurred in the functional tooth. **D.** A tooth position showing an advanced stage of tooth replacement. The replacement tooth is migrating towards the occlusal margin and the majority of the functional tooth root has been resorbed. Note the presence of a remnant of dentine from a previous tooth generation embedded in the labial wall of the alveolus. **E.** A tooth position showing the latest stage of tooth replacement. The functional tooth has been shed, leaving behind a small remnant of the tooth root at the labial margin of the alveolus. **Abbreviations: ab,** alveolar bone; **jb,** bone of the jaw; **ode,** old remnant of dentine; **rc,** resorption crypt; **rt,** replacement tooth.](pone.0205206.g002){#pone.0205206.g002}

![Tooth histology and a reconstruction of the replacement cycle in serial coronal sections of the dentary teeth in *Changchunsaurus parvus*.\
**A.** Image of the lingual surface of a partial dentary serially sectioned in coronal aspect (JLUM-Ya-C160711D). **B.** A reconstruction of the tooth replacement sequence in *C*. *parvus* based on serial coronal sections through a partial dentary. Sections reveal that the jawbone (black) has a lower lingual wall than the labial wall and this discrepancy is compensated by the interdental bone (grey), which lines lingual surface of the tooth row and the dorsal border of the replacement foramen. Shades of blue indicate the generations of teeth, with darker colours being older generations. Lingual is to the right. **C.** Coronal section (TS01048) of a tooth position showing an early-stage replacement tooth forming adjacent to the replacement foramen (note the root fragment from an older tooth generation along the labial wall of the alveolus). **D.** Coronal section (TS01043) of a later replacement stage where the replacement tooth has resorbed a significant portion of the functional tooth root. The replacement tooth does not fully invade the pulp cavity of its predecessor and instead begins to erupt lingual to the functional tooth. **E.** Coronal section (TS01049) of a slightly later replacement stage where the replacement tooth is nearing eruption lingual to the functional tooth. **F.** Close-up of the teeth in D showing the histological features of the tooth crowns, alveolar bone, and interdental bone. Note the asymmetry in the extent of the enamel cap on the replacement tooth (white arrowheads). **Abbreviations, ab,** alveolar bone; **de,** dentine; **en,** enamel; **idb,** interdental bone; **jb,** bone of the jaw; **ode,** old remnant of dentine; **rf,** replacement foramen; **rt,** replacement tooth; **ss,** shearing surface.](pone.0205206.g003){#pone.0205206.g003}

At later stages of tooth replacement, the replacement teeth have complete crowns and elongating roots, but unlike in theropod or hadrosaurid dinosaurs \[[@pone.0205206.ref008]\], the replacement teeth do not fully invade the pulp chambers of the functional teeth. Instead of breaching the pulp chamber early in development and then erupting vertically as they do in crocodilians and many other dinosaurs \[[@pone.0205206.ref005],[@pone.0205206.ref008]\], the replacement teeth spend most of their early development lingual to the functional teeth (Figs [2C, 2D](#pone.0205206.g002){ref-type="fig"} and [3](#pone.0205206.g003){ref-type="fig"}). However, given the relatively large size of the tooth crown compared to the root, the developing tooth still causes extensive root resorption to its functional predecessor ([Fig 2A and 2C](#pone.0205206.g002){ref-type="fig"}). By the time a functional tooth is about to be shed, the replacement tooth crown is nearly fully erupted and is visible above the margin of the interdental bone in lingual view ([Fig 3A](#pone.0205206.g003){ref-type="fig"}). After the tooth is shed, the erupting tooth must migrate labially to come to the fully functional position. During ontogeny, successive tooth generations may gradually migrate lingually in the dentary of *C*. *parvus*, given that several remnants of previous generations of teeth are embedded in the labial socket wall (Figs [2D](#pone.0205206.g002){ref-type="fig"} and [3B--3F](#pone.0205206.g003){ref-type="fig"}). A similar phenomenon occurs in the dentition of the early neoceratopsian dinosaur *Liaoceratops*, where numerous root fragments are preserved within the jaws due to incomplete root resorption during the replacement cycle, which is a result of gradual tooth migration \[[@pone.0205206.ref024]\].

Tooth histology {#sec005}
---------------

The enamel in *Chengchunsaurus* teeth is between 30 and 55 μm thick in erupting, unworn replacement teeth (and thus the closest approximation for maximum enamel thickness). In thin section, the enamel cap is the same thickness and roughly symmetrical on the labial and lingual sides of the tooth, unlike the condition in hadrosaurid and ceratopsid dinosaurs \[[@pone.0205206.ref002],[@pone.0205206.ref006],[@pone.0205206.ref008],[@pone.0205206.ref009],[@pone.0205206.ref013],[@pone.0205206.ref029]\]. One thin section revealed that the labial face of the developing tooth crown may have a slightly shorter enamel-covered portion compared to that along the lingual surface, however the difference is subtle ([Fig 3F](#pone.0205206.g003){ref-type="fig"}).

Under plane-polarized light, the enamel is clear, but under cross-polarized light, the enamel forms undulating waves that extend parallel to the enamel-dentine junction (EDJ). This pattern is identical to the appearance of hadrosaurid wavy enamel under cross-polarized light ([Fig 4](#pone.0205206.g004){ref-type="fig"}). This type of enamel has only been documented elsewhere in dryosauromorph dinosaurs \[[@pone.0205206.ref002],[@pone.0205206.ref003],[@pone.0205206.ref022]\], as well as the rhabdodontid *Matheronodon provincialis* \[[@pone.0205206.ref010]\]. To confirm the presence of wavy enamel in *Changchunsaurus parvus*, we examined the enamel of replacement tooth crowns under SEM ([Fig 5](#pone.0205206.g005){ref-type="fig"}). SEM imaging revealed a relatively straight EDJ and a thin (5--10 μm, up to 18% of total enamel thickness) Basal Unit Layer (BUL) of diverging enamel crystallites at the base of the enamel ([Fig 5A](#pone.0205206.g005){ref-type="fig"}). The BUL grades into a much thicker layer (up to 50 μm thick, 91% of enamel thickness) of poorly organized, helically-arranged bundles of enamel crystallites (modules sensu \[[@pone.0205206.ref022]\]), which are the defining features of wavy enamel \[[@pone.0205206.ref011],[@pone.0205206.ref022]\]. The wavy enamel is not as well organized as it is in iguanodontian teeth \[[@pone.0205206.ref003]\]. Some unmineralized voids are present within the enamel, which are also found in the coarse wavy enamel of iguanodontian dinosaurs \[[@pone.0205206.ref003],[@pone.0205206.ref022]\]. Enamel crystallites also diverge from a major discontinuity at the tip of the tooth crown under SEM ([Fig 5C](#pone.0205206.g005){ref-type="fig"}).

![Comparisons of wavy enamel in *Changchunsaurus parvus* and hadrosaurids.\
**A.** Transverse section through a replacement tooth crown (JLUM Ya-C160711C) under cross-polarized light, showing the wavy enamel in *Changchunsaurus parvus*. **B.** Transverse section (TS01046) through the same tooth in a deeper section. **C.** Close-up of the tooth in B showing the wavy enamel under cross-polarized light. **D.** Transverse section through a hadrosaurid tooth (UALVP 55127). **E.** Close-up of the wavy enamel in a hadrosaurid tooth under cross-polarized light.](pone.0205206.g004){#pone.0205206.g004}

![Scanning Electron Microscope images of enamel in replacement teeth of *Changchunsaurus parvus*.\
**A.** Overview image of the replacement tooth crown (JLUM-Ya-C160711b) in B, C, and D. **B.** Wavy enamel along the lingual surface of a replacement tooth crown in coronal section. **C.** Divergent enamel crystallites on either side of a major discontinuity at the tip of the replacement tooth crown. **D.** Close-up image showing unmineralized voids in the enamel. **E.** Transverse section of a replacement tooth crown (TS01046). **F.** Wavy enamel in transverse section. Note the helical arrangements of the enamel crystallites. **Abbreviations: BUL,** Basal Unit Layer; **EDJ,** Enamel-Dentine Junction; **v,** voids.](pone.0205206.g005){#pone.0205206.g005}

Very few dentine tubules cross the EDJ into the enamel to form enamel spindles, unlike the condition in hadrosaurids and marginocephalians \[[@pone.0205206.ref012],[@pone.0205206.ref017]\]. Fully erupted teeth are quickly incorporated into the shearing surface, presumably immediately after the previous tooth is shed. The enamel on the labial surfaces of the dentary teeth is rapidly worn away due to attrition, exposing a broad plane of orthodentine along the shearing surface ([Fig 3F](#pone.0205206.g003){ref-type="fig"}). The orthodentine is similar to that of most other amniotes in that it is avascular, tubular, and is thicker in older teeth due to the centripetal deposition of dentine matrix in life \[[@pone.0205206.ref005],[@pone.0205206.ref008],[@pone.0205206.ref043]\]. The orthodentine along the shearing surfaces of the functional teeth shows no evidence of complex vascular structures or sclerotic dentine, like those proposed for hadrosaurid dinosaurs \[[@pone.0205206.ref002],[@pone.0205206.ref009]\]. Instead, the dentine tubules of worn teeth appear open to the surface ([Fig 3F](#pone.0205206.g003){ref-type="fig"}). The dentine also contains numerous concentric growth lines, which are spaced approximately 22--17 μm apart. The spacing between successive lines is consistent with daily lines of von Ebner in other archosaurs \[[@pone.0205206.ref001],[@pone.0205206.ref044]\]. Unfortunately, the dentine is too diagenetically modified to examine the prevalence of von Ebner lines in functional and replacement teeth at a single tooth position to gauge the tooth replacement rate for this taxon.

The teeth of *Changchunsaurus parvus*, like those of all other dinosaurs where tooth attachment tissues are described \[[@pone.0205206.ref005],[@pone.0205206.ref007],[@pone.0205206.ref008],[@pone.0205206.ref023]\], were attached to the sockets by a periodontal ligament (a gomphosis-type attachment). In section, every tooth root is separated from the surrounding socket bone by a mineral-filled space. In modern crocodilians, this space houses the periodontal ligament in life \[[@pone.0205206.ref006],[@pone.0205206.ref045]--[@pone.0205206.ref047]\]: a network of collagen fiber bundles that anchor into the walls of the tooth socket and the surface of the tooth root. The surfaces of the tooth roots in *Changchunsaurus parvus* are coated in a thin band of acellular cementum, and a thicker, outer layer of cellular cementum ([Fig 6](#pone.0205206.g006){ref-type="fig"}), which would have been the anchoring points for the periodontal ligament \[[@pone.0205206.ref008]\]. The outer layer of cellular cementum is relatively thin compared to that of hadrosaurid and ceratopsid dinosaurs and is avascular, which is more similar to the condition in theropods \[[@pone.0205206.ref005],[@pone.0205206.ref008],[@pone.0205206.ref023]\]. Alveolar bone forms the tooth socket in all amniotes \[[@pone.0205206.ref008],[@pone.0205206.ref014],[@pone.0205206.ref048]--[@pone.0205206.ref050]\] and is composed of highly vascular bone, which is separated from the surrounding bone of the jaw by a reversal line (Figs [2](#pone.0205206.g002){ref-type="fig"} and [3F](#pone.0205206.g003){ref-type="fig"}). Unfortunately, the alveolar bone is heavily diagenetically modified and the exact bone matrix type was indiscernible under cross-polarized light. Given its similarity to the microcancellous alveolar bone of other dinosaurs, however, it is likely that this tissue was a rapidly deposited type of woven bone \[[@pone.0205206.ref008]\]. In transverse section, the alveolar bone encircles each tooth, but is most extensive in between tooth positions and along the labial margins ([Fig 2](#pone.0205206.g002){ref-type="fig"}). In coronal section, the interdental bone forming the margin of the lingual wall of the socket is made entirely of alveolar bone, and not jawbone, similar to the interdental plates and bone in other dinosaurs \[[@pone.0205206.ref008]\].

![Tooth attachment tissues in transverse section (TS01032) of a *Changchunsaurus parvus* tooth root (JLUM Ya-C160711e2).\
**Abbreviations: ac**, acellular cementum; **cc**, cellular cementum; **de**, dentine; **ps**, periodontal space.](pone.0205206.g006){#pone.0205206.g006}

The bone of the dentary is poorly vascularized. In transverse section, the dentary bone forms a thick labial wall and a thin lingual wall (in sections taken below the interdental bone) ([Fig 2](#pone.0205206.g002){ref-type="fig"}). In coronal section, the dentary bone is asymmetrical around the tooth; the labial wall reaches a level just below the shearing surfaces of the teeth, whereas the lingual wall is much shorter, extending only to the ventral margins of the replacement foramina ([Fig 3](#pone.0205206.g003){ref-type="fig"}).

Discussion {#sec006}
==========

Insights into dental evolution in ornithopod dinosaurs {#sec007}
------------------------------------------------------

Dental innovations have been a focal point in ornithischian research, particularly because of the evolution of complex dental batteries in hadrosaurid and ceratopsid dinosaurs \[[@pone.0205206.ref002],[@pone.0205206.ref006],[@pone.0205206.ref009],[@pone.0205206.ref013],[@pone.0205206.ref031],[@pone.0205206.ref051]\]. Hadrosaurid teeth in particular are touted as the most histologically complex of reptilian teeth \[[@pone.0205206.ref002]\], because of the presence of novel dental tissues (e.g. coronal cementum, longitudinally and transversely oriented "giant tubules"). This view was challenged more recently \[[@pone.0205206.ref006],[@pone.0205206.ref008],[@pone.0205206.ref009]\], because dinosaur dental tissue homology, development, and evolution have only begun to be studied in other groups and compared to hadrosaurids. What remains is a need for histological analyses of early members of ornithischian clades in order to reconstruct the evolutionary origins of such complex structures.

Regardless of its purported phylogenetic position as an early ornithopod \[[@pone.0205206.ref040]\] or as an earlier ornithischian \[[@pone.0205206.ref041]\], *Changchunsaurus parvus* is thus far our best approximation of the ancestral condition for ornithopod dental development and histology and therefore has important bearing on our understanding of dental evolution in the group. In most respects, the histological properties of the teeth of *Changchunsaurus* are similar to those of other dinosaurs. Their teeth, like those of theropods \[[@pone.0205206.ref005],[@pone.0205206.ref008],[@pone.0205206.ref023]\], sauropods \[[@pone.0205206.ref007]\], and other ornithischians \[[@pone.0205206.ref006],[@pone.0205206.ref009],[@pone.0205206.ref013]\] are coated in layers of cementum, which provide the anchoring points for the periodontal ligament (PDL). This ligament suspends each tooth within its socket, providing mobility and flexibility at the tooth-socket interface. As is typical of ornithischian dinosaurs \[[@pone.0205206.ref009],[@pone.0205206.ref035]\], the pulp chamber is not exposed along the shearing surface, although there are no specializations for rapid pulp closure as there are in iguanodontians \[[@pone.0205206.ref002],[@pone.0205206.ref009],[@pone.0205206.ref035]\].

Our thin sections of *C*. *parvus* also support the function of the replacement foramina along the lingual surfaces of the jaws as the entry points for an externally placed dental lamina, a condition previously hypothesized for the similarly placed "special foramina" in other ornithischians \[[@pone.0205206.ref009],[@pone.0205206.ref038]\]. Unlike the condition in modern crocodilians, in which the dental lamina is buried within the jaws, the earliest forming replacement teeth in *C*. *parvus* are found adjacent to replacement foramina that open to the lingual surface of the dentary. The ventral margins of these foramina are lined by the bone of the jaw, whereas the remaining border is formed by short extensions of interdental bone (Figs [3](#pone.0205206.g003){ref-type="fig"} and [7](#pone.0205206.g007){ref-type="fig"}). In coronal sections, the bone of the jaw thus forms a slightly asymmetrical support around the teeth and the teeth and alveolar tissues are restricted to the dorsal half of the dentary ([Fig 7](#pone.0205206.g007){ref-type="fig"}).

![Comparisons of tooth development and jaw geometry in *Changchunsaurus parvus* and a hadrosaurid.\
**A.** Tooth implantation and replacement in *C*. *parvus*. Bone of the jaw is indicated in black, successive tooth generations in blue, position of dental lamina in red and interdental bone in grey. **B.** Closeup of the lingual surface of the dentary in *C*. *parvus* (JLUM Ya-C160711d) showing the positions of the interdental bone and replacement foramina. **C.** Closeup of a developing tooth at the opening of the replacement foramen in thin section (TS0 1048) in *C*. *parvus*. **D.** Tooth implantation and replacement in a hadrosaurid dentary. Bone of the jaw is indicated in black, successive tooth generations in blue, position of dental lamina in red and interdental bone in grey. **E.** Lingual view of a hadrosaurid dentary (ROM 3500) showing position of the interdental bone and replacement foramina. **F.** Closeup of the replacement foramen at the base of a dental battery (ROM 3500) in thin section. Black arrows indicate positions of replacement foramina. **Abbreviations: idb,** interdental bone; **jb,** bone of the jaw.](pone.0205206.g007){#pone.0205206.g007}

In hadrosaurids, the replacement foramina are situated farther away from the occlusal margin than in *C*. *parvus*, but they are still associated with the newest generations of replacement teeth \[[@pone.0205206.ref008],[@pone.0205206.ref038]\]. Given that these foramina likely mark the position of the dental lamina, we hypothesize that one major difference between early ornithopod and hadrosaurid dental development was the change in position of the dental lamina from close to the apex of the jaw in early ornithopods to the base of the lingual surface of the tooth-bearing element in hadrosaurids ([Fig 7](#pone.0205206.g007){ref-type="fig"}). This heterotopic shift in the site of tooth initiation had two consequences in hadrosaurid dental evolution. The first is the nearly complete reduction of the lingual wall of the jawbones (the entire lingual wall of the jaws in hadrosaurids is composed of interdental bone, and not jawbone \[[@pone.0205206.ref008],[@pone.0205206.ref009]\]). The second is that the teeth and alveolar tissues extend through the entire depth of the dentary and maxilla ([Fig 7](#pone.0205206.g007){ref-type="fig"}) \[[@pone.0205206.ref008],[@pone.0205206.ref009]\]. It is worth noting, however, that replacement foramina are variably present in other ornithischian dinosaurs \[[@pone.0205206.ref034],[@pone.0205206.ref035],[@pone.0205206.ref041]\], suggesting that there may be variation in the location of the dental lamina in many groups.

Herbivorous dinosaurs also faced the challenge of extensive tooth wear due to their abrasive diets \[[@pone.0205206.ref002],[@pone.0205206.ref013]\]. Sauropods, neoceratopsians, and hadrosaurids circumvented this issue by maintaining a constantly replenishing grinding or shearing surface via rapid and coordinated tooth replacement \[[@pone.0205206.ref001],[@pone.0205206.ref024]--[@pone.0205206.ref027],[@pone.0205206.ref052],[@pone.0205206.ref053]\]. Interestingly, *Changchunsaurus parvus* shows evidence of continuous tooth replacement, despite maintaining a fairly uniform shearing surface of imbricated tooth crowns to pulverize tough plant material \[[@pone.0205206.ref042]\]. Continuous tooth replacement in these types of dentitions should typically leave gaps along the shearing surface, which would be detrimental for an herbivorous dinosaur. However, as noted by previous authors (e.g. \[[@pone.0205206.ref035]\]) such gaps are typically absent. This may be the result of a unique replacement mode, which is typified by that in *C*. *parvus* (Figs [2](#pone.0205206.g002){ref-type="fig"} and [3](#pone.0205206.g003){ref-type="fig"}). Unlike in modern crocodilians or in theropod dinosaurs \[[@pone.0205206.ref005],[@pone.0205206.ref008]\], a developing replacement tooth in *C*. *parvus* never fully invades the pulp chamber of the preceding functional tooth until it has almost completely erupted (Figs [2](#pone.0205206.g002){ref-type="fig"} and [3](#pone.0205206.g003){ref-type="fig"}). This would be advantageous for a shearing dentition, because it would delay the shedding of the older functional tooth until its replacement is nearly complete and in proper position. Whether this replacement mode is unique to *Changchunsaurus* among ornithischians is unclear, but merits future study to see if it evolved in association with a shearing dentition.

Finally, our report of wavy enamel in *Changchunsaurus parvus* is the phylogenetically earliest occurrence of this enamel type, however it is not the oldest chronological record of this tissue. Wavy enamel has also been found in the iguanodont *Dryosaurus altus* from the Late Jurassic of the United States \[[@pone.0205206.ref003]\]. The microstructure of wavy enamel was first described by Sander \[[@pone.0205206.ref022]\] in *Iguanodon* and the hadrosaurid *Anatosaurus*. Combined with the absence of wavy enamel in other sampled ornithischians, Sander \[[@pone.0205206.ref022]\] concluded that this peculiar enamel type evolved in association with more complex dental occlusion and secondary wear surfaces in iguanodontians. Subsequently, Hwang \[[@pone.0205206.ref003]\] identified wavy enamel in *Dryosaurus*, *Camptosaurus*, *Prosaurolophus*, and *Saurolophus* and noted differences in the wavy enamel subtypes in progressively more derived iguanodontians. Hwang \[[@pone.0205206.ref003]\] hypothesized that wavy enamel arose and subsequently co-evolved with a suite of dental characters in early iguanodontians, culminating in the dental batteries of hadrosaurids.

The presence of wavy enamel in the shearing teeth of the rhabdodontid *Matheronodon provincialis* \[[@pone.0205206.ref010]\] and now the discovery of wavy enamel in *Changchunsaurus parvus* casts doubt on previous evolutionary hypotheses regarding the origin of this unique reptilian enamel type ([Fig 8](#pone.0205206.g008){ref-type="fig"}). The teeth of *C*. *parvus*, like those of 'heterodontosaurids' and early ornithopods more generally, have expanded, denticulated, and ornamented tooth crowns that are organized into a single tooth row in each jaw quadrant \[[@pone.0205206.ref034],[@pone.0205206.ref035],[@pone.0205206.ref042],[@pone.0205206.ref054]\]. Moreover, the shearing surfaces of the teeth are simple, flat or gently concave surfaces supported by avascular orthodentine, bearing no resemblance to the complex occlusal plane morphology in hadrosaurid dinosaurs ([Fig 3](#pone.0205206.g003){ref-type="fig"}) \[[@pone.0205206.ref002]\]. What is surprising is that these large, leaf-shaped teeth already possess an enamel type that was previously considered as an iguanodontian (or dryomorphan) synapomorphy \[[@pone.0205206.ref003],[@pone.0205206.ref022]\].

![Distribution of wavy enamel in Ornithopoda (phylogeny modified from \[[@pone.0205206.ref040]\]).\
Boxed symbols indicate presence of wavy enamel in *Changchunsaurus* (this study), Rhabdodontidae \[[@pone.0205206.ref010]\], Dryosauridae \[[@pone.0205206.ref003]\], Ankylopollexia \[[@pone.0205206.ref003],[@pone.0205206.ref004],[@pone.0205206.ref022]\].](pone.0205206.g008){#pone.0205206.g008}

So far, we can only conclude that this wavy enamel type evolved in association with a shearing-type dentition with a roughly symmetrically-enamelled crown, although its precise function is still unclear. In *Changchunsaurus*, the "waves" of enamel are present on all sides of the tooth crowns, including the surface that is worn away during feeding (Figs [1](#pone.0205206.g001){ref-type="fig"}, [4](#pone.0205206.g004){ref-type="fig"} and [5](#pone.0205206.g005){ref-type="fig"}). In this region of the crown, the "waves" are oriented roughly parallel to the plane of tooth wear and the enamel is eventually worn away. At the apex of a worn tooth crown, the enamel "waves" are obliquely oriented relative to the wear surface and may impart more wear resistance, thus forming a small crest of enamel ([Fig 1](#pone.0205206.g001){ref-type="fig"}).

A future role for dental histology in reconstructing ornithischian phylogeny {#sec008}
----------------------------------------------------------------------------

Studying the histological features of the teeth of *Changchunsaurus parvus* presents a unique opportunity to address broader questions in dinosaurian phylogeny and the role of histology in future character construction. *C*. *parvus* was originally classified as 'Ornithopoda *incertae sedis*', because this taxon possesses a number of features consistent with early ornithopods, marginocephalians, and even cerapodans more broadly \[[@pone.0205206.ref039],[@pone.0205206.ref042]\]. Butler et al. \[[@pone.0205206.ref054]\] noted that basal cerapodan interrelationships represented one of the most problematic and poorly understood areas of study in ornithischian phylogeny, further highlighting the importance of phylogenetically early forms, including *C*. *parvus*. Butler et al. \[[@pone.0205206.ref040]\] subsequently provided the first phylogenetic hypothesis for the placement of *C*. *parvus* within Ornithopoda, forming a sister group relationship with the contemporaneous *Jeholosaurus shangyuanensis*, a clade that was in turn sister to all other members of Ornithopoda. Butler et al. \[[@pone.0205206.ref040]\], however, noted that the relationships of early cerapodans remain poorly supported and thus their placement within Ornithopoda was still provisional. By comparison, Boyd \[[@pone.0205206.ref041]\] placed *Changchunsaurus* within a new family (Parksosauridae), which was the sister taxon to all Cerapoda.

The importance of phylogenetic relationships of early members of the major dinosaurian clades is now more important than ever to the broader understanding of dinosaur evolution \[[@pone.0205206.ref034],[@pone.0205206.ref041],[@pone.0205206.ref055]\]. The need for phylogenetically informative characters is thus paramount to this issue, and, given the significance of the feeding apparatus to the success of ornithischian clades \[[@pone.0205206.ref028],[@pone.0205206.ref056],[@pone.0205206.ref057]\], tooth characters often figure prominently in phylogenetic analyses. For example, the character list used by Butler et al. \[[@pone.0205206.ref054]\] consisted of 221 characters, 21 (9.5%) of which concerned the size, number, ornamentation, or replacement of teeth. 30 of the 255 characters (11.7%) used in Boyd's \[[@pone.0205206.ref041]\] analysis of Ornithischia are dental characters. Histology could provide additional support for, or refinements to tooth characters, but also yield new information for character construction.

We highlight the need to incorporate enamel microstructure into phylogenetic analyses of Ornithischia. Wavy enamel was previously hypothesized to be a synapomorphy of iguanodontians \[[@pone.0205206.ref003]\], but the discovery of this enamel type in *Changchunsaurus* pushes this feature back to a potentially important evolutionary split between ornithopods and marginocephalians ([Fig 8](#pone.0205206.g008){ref-type="fig"}). This depends on future study of enamel microstructure in early marginocephalians and euornithopods, given the reported absence of wavy enamel in ceratopsians, pachycephalosaurids, *Thescelosaurus* and *Tenontosaurus* \[[@pone.0205206.ref003]\].

Given the contentious placement of *Changchunsaurus* within ornithischian phylogeny \[[@pone.0205206.ref040],[@pone.0205206.ref041]\], more detailed taxonomic sampling is required to determine if wavy enamel evolved independently in *C*. *parvus* or if it indeed evolved much earlier than previously thought and is a symplesiomorphy in Iguanodontia. In our opinion, future studies need to search for the presence of wavy enamel first using thin sections and cross-polarized light microscopy, given the ease with which wavy enamel can be identified using this technique (Figs [1](#pone.0205206.g001){ref-type="fig"} and [4](#pone.0205206.g004){ref-type="fig"}) \[[@pone.0205206.ref002],[@pone.0205206.ref010]\]. The wavy enamel subtypes (sensu \[[@pone.0205206.ref003]\]) can then be determined using SEM images of acid-etched surfaces. The reason for this two-step approach is because the wavy enamel found in *C*. *parvus*, similar to that of *Dryosaurus*, is actually difficult to differentiate from columnar enamel under SEM, because it is poorly organized and the helical arrangements of the enamel crystallites are more subtle \[[@pone.0205206.ref003]\]. Thus, the presence of wavy enamel is better assessed at lower magnifications and under cross-polarized light, followed by more detailed investigation of wavy enamel subtypes ("rudimentary", coarse, fine, sensu \[[@pone.0205206.ref003],[@pone.0205206.ref022]\]) under SEM.

Other dental features that may be useful in phylogenetic analyses of ornithischians include: the relative contribution of interdental bone to the lingual surface of the jaw, the presence of vascularized cellular cementum along the tooth roots (vascular in hadrosaurids and ceratopsids examined thus far, and avascular in other dinosaurs), the tooth replacement mode \[[@pone.0205206.ref008]\], and adaptations for rapid dental pulp closure \[[@pone.0205206.ref002],[@pone.0205206.ref009],[@pone.0205206.ref035]\]. In many cases, these features can be evaluated non-destructively with high-resolution CT or synchrotron scans (e.g. \[[@pone.0205206.ref023],[@pone.0205206.ref034]\]), but wherever needed, thin section data could be used to validate these observations.

Conclusions {#sec009}
===========

Given the previous focus on dental histology in derived, Late Cretaceous carnivores and herbivores in the literature \[[@pone.0205206.ref005]\], the present histological analysis of the teeth and jaws of *Changchunsaurus parvus* from the Cretaceous Quantou formation in Jilin Province, China, provides the first in-depth look at tooth histology and development in a dinosaur that may lie close to the base of the ornithopod radiation \[[@pone.0205206.ref040]\]. This has important bearing on our understanding of the evolution of the more complex dental batteries seen in hadrosaurids from the more modest, single-rowed dentitions of most herbivorous dinosaurs. These histological sections have revealed several surprising features that may have evolved in association with herbivory in this early ornithischian, including the presence of wavy enamel and an unusual tooth replacement mode. In contrast, the presence of root cementum and a periodontal ligament connection of the tooth to the alveolus are probably symplesiomorphic features in ornithischians and in dinosaurs more generally. The presence of replacement foramina close to the apex of the jaw and a short contribution of interdental bone contrasts strongly with the condition in hadrosaurids. We use this comparison to hypothesize that hadrosaurids have evolved a reduced lingual wall of the jaws and, correspondingly, greater contributions of interdental bone via a shift in the position of the dental lamina towards the base of the jaws. Using these data as an example, we advocate that similar studies of early members of major dinosaurian clades are needed in order to incorporate histological characters into phylogenetic analyses and to understand how dinosaur dentitions have evolved over millions of years to cope with their diverse diets.
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